Field-based soil moisture measurements are cumbersome. Thus, remote sensing techniques are needed because allows field and landscape-scale mapping of soil moisture depth-averaged through the root zone of existing vegetation. The objective of the study was to evaluate the accuracy of an empirical relationship to calculate soil moisture from remote sensing data of irrigated soils of the Apodi Plateau, in the Brazilian semiarid region. The empirical relationship had previously been tested for irrigated soils in Mexico, Egypt, and Pakistan, with promising results. In this study, the relationship was evaluated from experimental data collected from a cotton field. The experiment was carried out in an area of 5 ha with irrigated cotton. The energy balance and evaporative fraction (Λ Λ Λ Λ Λ) were measured by the Bowen ratio method. Soil moisture (θ θ θ θ θ) data were collected using a PR2 -Profile Probe (Delta-T Devices Ltd). The empirical relationship was tested using experimentally collected Λ Λ Λ Λ Λ and θ θ θ θ θ values and was applied using the Λ Λ Λ Λ Λ values obtained from the Surface Energy Balance Algorithm for Land (SEBAL) and three TM -Landsat 5 images. There was a close correlation between measured and estimated θ θ θ θ θ values (p<0.05, R 2 = 0.84) and there were no significant differences according to the Student t-test (p<0.01). The statistical analyses showed that the 
empirical relationship can be applied to estimate the root-zone soil moisture of irrigated soils, i.e. when the evaporative fraction is greater than 0.45. 
INTRODUCTION
Soil moisture is widely recognized as a key variable in numerous environmental studies related to meteorology, hydrology, and agriculture Vischel et al., 2008; Kong et al., 2011) . For hydrological and agricultural purposes, the estimation of soil moisture is crucial since it controls the quantity of water available for vegetation growth (Cook et al., 2006) , as well as the deep aquifer recharge (Seneriviratne et al., 2006; Kjellström et al., 2007; Lam et al., 2011) ; and soil saturation, which controls the partitioning of rainfall between runoff and infiltration, and sediment transport (Vivoni et al., 2007; Ávila et al., 2011) . In meteorology, several climate studies have indicated that surface-atmosphere energy transfer, the atmospheric circulation and precipitation are significantly affected by spatial and temporal variations of soil moisture, which controls evapotranspiration by its influence on evaporation and water availability to plants and influences the partitioning of latent and sensible heat as well (Savenije, 1995; Grayson et al., 1997; Entekhabi et al., 1999; Cook et al., 2006) . Soil moisture is also fundamental in the biogeochemical cycle of CO 2 , since an ecosystem can switch from a CO 2 sink to a CO 2 source, according to the soil water availability (Cabral et al., 2011) .
The high spatial and temporal variability of soil moisture caused by the heterogeneity of soil texture, topography, vegetation, and climate in the natural environment makes soil moisture difficult to measure (Kong et al., 2011) . A complete description of spatial and temporal variability of soil moisture requires frequent and multiple three-dimensional measurements (Scott et al., 2003) . Due to operational problems, these measurements become virtually unviable. However, the spatial and temporal variability of soil moisture can be determined by the significantly modernized remote sensing techniques, especially based on data obtained by (active and passive) microwave sensors or satellite images (Moran et al., 2002; Su et al., 2003; Wang et al., 2007; Vischel et al., 2008; Crow et al., 2008; Pauwels et al., 2009; Pierdicca et al., 2010) . However, data measurements by microwave sensors limit estimates of soil moisture to the surface layer (± 5 cm) Crosson et al., 2005) . On the other hand, an empirical relationship between the evaporative fraction (Λ), defined as the ratio between latent heat flux and available energy (net radiation minus soil heat flux) (Shuttleworth et al., 1989) and soil moisture (θ), was developed by Bastiaanssen et al. (2000) based on data from two large-scale climate-hydrology studies, investigating soil moisture-evaporationbiomass interactions. This was the First ISCLCP (International Satellite Land Surface Climatology Project) Field Experiment FIFE (Sellers et al., 1992) . The other study was the ECHIVAL Field Experiment in Desertification-Threatened Areas EFEDA (Bolle et al., 1993) . Scott et al. (2003) modified this relationship by the standardization of θ with saturated soil moisture (θ sat ), called the relative soil moisture content:
The relative soil moisture content θ/θsat (-) ranges from 0 (totally dry soil) to 1.0 (full saturation). As proposed by , equation (1) is denominated standard relationship and can be applied to a wide range of soils. Scott et al. (2003) showed that this equation, without any modification, could be directly applied to irrigated soils of the LermaChapala basin in Mexico, while showed that this method requires no calibration and can be comprehensively applied without soil data to irrigated areas in the region of Rechna Doab in the Indus River Basin. Mohamed et al. (2004) applied the method without previous calibration studies to the spatial variability of evaporation and moisture storage in the swamps of the Upper Nile, Egypt.
The application of the standard relationship using Λ provided by remote sensing satellites resulted in spatially distributed θ values for greater depths than those covered by microwave sensor data. The spatial variability of θ became possible due to the spatial variability of Λ obtained from energy balance from remote sensing data by algorithms such as SEBAL (Bastiaanssen et al., 1998a, b) , S-SEBI (Roerink et al., 2000; Sobrino et al., 2007) , and SEBS (Su, 2002) . The extrapolation of θ to plant root zone is viable since θ sat values represent the moisture conditions in this layer (Scott et al., 2003; Mohamed et al., 2004) .
This article aims to evaluate the performance of the standard relationship (Equation 1) to estimate the soil moisture of an irrigated area in the Brazilian semiarid region, and apply the standard relationship to Λ by SEBAL and TM -Landsat 5 images.
MATERIALS AND METHOD
The study was carried out on the Apodi Plateau, near the state border between Rio Grande do Norte and Ceará, in the northeastern region of Brazil. According to Thornthwaite (1948) , the regional climate is semi-arid, mean annual pluvial precipitation is 920 mm, concentrated between March and June, and the mean air temperature ranges from 23.5 o C (August) to 28.3 o C (April). The soils of the study area were classified as Cambissoil (Embrapa, 2006) with a sandyclay-loam texture, according to the USDA (United States Department of Agriculture) classification (with sand, silt and clay contents of 57, 9 and 34 %, respectively). A more detailed description of the study area was published by Bezerra et al. (2012a) . The soil moisture at field capacity and permanent wilting point, besides the van Genuchten-Mualem parameters (van Genuchten, 1980) , which are representative for the root zone of cotton, are presented in table 1.
The trials were carried out in an irrigated 5.0-ha area, where cotton cultivar BRS 187 8H was planted in the dry seasons of 2008 and 2009, irrigated by sprinkler irrigation Cotton was sown in a row spacing of 0.9 m at a within-row density of 10 plants m -1 , with a total of approximately 133,000 plants ha -1 . The energy balance and evaporative fraction (Λ) were estimated and soil moisture measured.
The energy balance of cotton was expressed by means of bulk energy and heat fluxes (Perez et al., 1999; Teixeira et al., 2007; Yunusa et al., 2011 ):
where Rn is net radiation (W m -2 ), measured by a net radiometer model NR-LITE (Kipp & Zonen, Delft, The Netherlands), G is the soil heat flux (W m -2 ), measured 0.02 m below the surface using soil heat flux plates (model HFP01SC-L Hukseflux Thermal Sensors, Delft, The Netherlands). LE and H are the latent and sensible heat fluxes (W m -2 ), respectively. LE was derived from the energy balance equation (Equation 2) and the Bowen ratio concept (Bowen, 1926) :
where β is the Bowen ratio, which was obtained through the following equation: where γ is the psychrometric constant, and ∆T and ∆e are the gradients of temperature and actual vapor pressure, respectively, measured at two levels above the crop canopy, by psychrometers with copperconstantan thermocouples (type T). Data were measured every 5 s and averages recorded every 20 min on a CR3000 data logger (Campbell Sci, Logan, UT, USA).
The evaporative fraction (Λ) was obtained by the following equation:
The soil moisture was measured twice a week using PR2 -Profile Probe (Delta-T Devices Ltd., Cambridge, UK), at six depths (10, 20, 30, 40, 60 , and 100 cm).
The standard relationship (Equation 1) was evaluated by comparing θ and Λ measured in the trials. The q values were estimated by the standard method (Equation 1), using Λ, obtained by the BREB (Bowen Ratio-Energy Balance) method and compared with the results of the PR2 -Profile Probe. The significance level of differences between these results was analyzed by the determination coefficient (R 2 ), root mean square error (RMSE) and Student's t-test (p<0.01), according to the following equations (Wilks, 2006 where e k and m k are k th estimated and measured values, respectively, m and e are, respectively, the measured and estimated means, and N m and N e are sample sizes.
The standard relationship (Equation 1) was applied using the Λ values obtained from three TM -Landsat 5 images. The images for path/row 216/064 were provided by the Brazilian Institute for Space Research (INPE), for November 01, November 17 and December 19, 2008. The steps to obtain the energy balance by SEBAL involve radiometric calibration and the calculation of albedo, thermal emissivity, surface emissivity, longwave radiation (incoming and outgoing), and finally the values of Rn, G, H, and LE for satellite overpass time. LE was calculated as a "residual" of the surface energy balance equation. These steps were described in detail by Bastiaanssen (2000) , Bezerra et al. (2008) , Santos et al. (2010) , and Bezerra et al. (2012b) .
The energy balance components provided by SEBAL were validated using data obtained by the BREB method, although SEBAL had been validated for irrigated soils in the semi-arid region of Brazil (Bezerra et al., 2008; Folhes et al., 2009; Teixeira et al., 2009; Santos et al., 2010 ). An error analysis was performed using the Mean Absolute Error (MAE) and Mean Absolute Percentage Error (MAPE), as given by the equations (Wilks, 2006) :
where e k and m k are the k th of n pairs of estimated and measured values. Figure 1 shows the relation between θ/θ sat and Λ based on the field observations and the standard curve (Equation 1). The root mean square error (RMSE) between θ estimated by standard relationship and field data was 0.02 cm 3 cm -3 for Λ, ranging from 0.56 to 0.96. found RMSE values of 0.05 cm 3 cm -3 under wheat-rice rotation in the Rechna Doab region of an irrigation system in the Indus River Basin, in Pakistan, for Λ values ranging from 0.48 to 0.94. Similar values were found by Scott et al. (2003) in irrigated soils of the LermaChapala basin, in Mexico.
RESULTS AND DISCUSSION
According to , the deviation from the standard curve could be associated to (1) instrumental errors (both for θ and Λ), (2) the different scales between θ and Λ, and (3) the empirical character of equation 1. The difference between the observation scales of θ and Λ is a relevant factor, because while the θ values were locally measured and representative for a reduced area, Λ values were derived from observed meteorological variables from a range of hundreds of meters. The range of the BREB method should be hundreds of meters and uniform, to provide a sufficient distance to establish an equilibrium boundary layer (Allen et al., 2011) .
The θ values measured and estimated by the standard curve were compared (Figure 2 ). There was a close correlation (p<0.05) with the coefficient of determination of 0.84 and there were no significant differences according to the Student t-test (p<0.01). Consequently, the standard curve (Equation 1 ) can be applied to soils of irrigated cotton on the Apodi Plateau with typical values expected for irrigated soils (RMSE = 0.02 cm 3 cm -3 , Λ = 0.56 -0.96). Under other conditions, e.g., in rainfed agriculture, under water stress caused by insufficient irrigation, in areas of native vegetation and/or for bare soil in dry periods, considerably lower Λ values are expected, due to uncertainties in the q estimates.
The range of errors between measured and estimated θ values are plotted in figure 3 , showing differences of -0.034 to 0.05 cm 3 cm -3 . The errors were predominantly > 0.010 cm 3 cm -3 , for Λ > 0.60 ( Figure  3 ). In the Doab Rechner area of an irrigation system in the Indus River basin, observed that these errors tended to increase systematically in absolute numbers as Λ increases. In this study, no error tendency was observed at Λ < 0.5, since the experiment was limited to the irrigated area.
The assessment of the standard method consisted of calculating soil moisture from Λ on a pixel-to-pixel basis, using TM-Landsat 5 images and SEBAL. The θ sat of the root-zone was obtained by the gravimetric method at 0.40 cm 3 cm -3 . Three clear-sky images were used. These images were acquired 33, 49 and 81 days after cotton emergence. The overlay images covered the experimental area of EMPARN, which consisted of irrigated fields, pasture, native vegetation, and bare soil.
The SEBAL validation (Table 2 ) consisted of the comparison of energy fluxes, estimated by SEBAL and computed by BREB, to calculate Λ. The MAE was less than 20 W m -2 ( Table 2 ) and MAPE of Rn and LE less than 3 %, indicating full reliability. On the other hand, the greatest uncertainty associated to SEBAL was verified in the G estimates (MAPE > 20 %). This was however considered a minor problem by Bastiaanssen et al. (1998b) , because microscale soil heat flux measurements are representative of a very small influence sphere and therefore incompatible with the size of one Thematic Mapper pixel anyhow. Moreover, uncertainty decreases with increasing scale (Bastiaanssen et al., 1998b (Bastiaanssen et al., , 2000 . According to Bastiaanssen et al. (2000) , the error (1-ha resolution) varies from 10 to 20 %. For an area of 1000 ha, the error is reduced to 5 % and for farmland regions of 1 million ha the error becomes negligibly small. Figure 4 shows a scatter plot of SEBAL-estimated energy fluxes versus field measurements. The high agreement between the two approaches was evidenced by the determination coefficient of 0.99, confirming SEBAL as an appropriate tool to calculate energy fluxes at the Earth's surface on a spatial scale.
The spatial distribution of soil moisture in the root zone at the Experimental Station of EMPARN on the Apodi Plateau ( Figure 5 ) was calculated for three dates, i.e., a) Nov-01, b) Nov-17 and c) Dec-19 of 2008. Soil moisture was highest in the root zone of the irrigated cotton field (highlighted) (θ around 0.32 cm 3 cm -3 ). The images acquired on Nov-01 and Nov-17 ( Figure  5a ,b) coincided with the irrigation dates. Note that the soil moisture of the entire cotton field was at field capacity. The image of Dec-19 (Figure 5c ) did not coincide with the irrigation event. For this reason, the soil moisture in part of the cotton field was below field capacity (θ around 0.25 cm 3 cm -3 ). Our results demonstrate that the methodology applied in this study can detect the effect of irrigation in the selected area, to maintain the soil more humid than in the surrounding area. 
2.3 20.7 1.0 since soil saturation is representative for the moisture conditions in the plant root zone.
2. Applications of the standard relationship are more reliable for irrigated soils or with sufficient soil moisture, i.e. Λ greater than 0.45.
